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only partially denervate the atrium
Shelly C. Lall, MD, Kelley V. Foyil, MS, Shun-Ichiro Sakamoto, MD, Rochus K. Voeller, MD, John P. Boineau, MD,
Ralph J. Damiano, Jr, MD, and Richard B. Schuessler, PhDObjectives: The effects of ablation lines on myocardial innervation and response to
autonomic stimuli are unclear. This study examined the effects of radiofrequency
ablation on atrial autonomic innervation and compared pulmonary vein isolation
and the biatrial Cox maze procedure.
Methods: In 12 acute canines right and left vagosympathetic trunks and right and left
stellate ganglia were isolated. Each nerve was stimulated before bipolar ablation, after
pulmonary vein isolation, and after the Cox maze procedure. Nadolol (n 5 6) and
atropine (n 5 6) were administered to block sympathetic and parasympathetic
responses, respectively. Changes in heart rate and atrioventricular interval were com-
pared. Changes in QRST area relative to an isoelectric baseline (index of local inner-
vation) were calculated.
Results: Sympathetic stimulation of each nerve and parasympathetic stimulation of
the vagosympathetic trunks caused significant changes in heart rate and atrioventric-
ular interval. After pulmonary vein isolation, the effect of 33% of the nerves on heart
rate changes was eliminated. The Cox maze procedure eliminated right stellate sym-
pathetic effects on heart rate. Fifty percent of the nerves caused heart rate changes after
the Cox maze procedure. There was no significant effect of either lesion set on atrio-
ventricular interval changes. Stimulation of 50% of nerves after pulmonary vein iso-
lation produced local area changes significantly different from control area. After the
Cox maze procedure, a different 50% of the nerves produced local changes different
from those seen after pulmonary vein isolation.
Conclusions: Surgical ablation procedures disrupted innervation, affecting heart rate
but not atrioventricular interval. Autonomic innervation affecting the atria was
changed by pulmonary vein isolation and additionally by the Coxmaze procedure. Re-
sidual autonomic effects were present even after the complete Cox maze procedure.
T
he Cox maze (CM) procedure is considered the gold standard for curing atrial
fibrillation (AF).1,2 The cut-and-sew CM III procedure, introduced in 1987, is
technically demanding and not widely performed by cardiac surgeons. Bipolar
radiofrequency ablation (RFA) is one of several energy sources used to replace some
of the incisions of the CM III procedure, simplifying and shortening the procedure
with equivalent short-term efficacy and 1-year freedom from AF (CM IV proce-
dure).3,4 Pulmonary vein isolation (PVI), instead of a complete CM IV procedure,
has also been used as a surgical treatment of AF.5,6
Autonomic nerves affect both the sinus and atrioventricular (AV) nodes and the
repolarization phase of the cardiac action potential.7-9 Recently, animal and human
studies have suggested that autonomic tone plays an important role in the initiation
and maintenance of AF.10,11 As a result, it has been the suggested that denervation
of the atria might be a therapeutic option for the treatment of AF. It has been shown
that the cut-and-sew CM III procedure produces partial denervation of the heart.12-14
In a canine model this procedure has been shown to produce autonomic denervation of
a significant portion of both atria and the atrial septum.15 In human subjects who have
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AF 5 atrial fibrillation
AV 5 atrioventricular
CM 5 Cox maze
LVST 5 left cervical vagosympathetic trunk
PVI 5 pulmonary vein isolation
RFA 5 radiofrequency ablation
RVST 5 right cervical vagosympathetic trunk
had the classic CM III procedure, loss of heart rate variability
suggests the loss of most autonomic input to the sinus node.16
Therefore it is important to know whether the use of bipolar
RFA used in the CM IV and PVI procedures completely or
partially denervates the atria.
The aim of this study was to examine the effect that
bipolar radiofrequency lesions used in PVI and the CM
procedure have on sympathetic and parasympathetic innerva-
tion of the atria.
Materials and Methods
All animals received humane care in compliance with the ‘‘Guide
for the care and use of laboratory animals,’’ published by the
National Research Council (National Academy Press, 1996). The
study protocol was approved by the Animal Studies Committee at
Washington University School of Medicine.
Canines were chosen because they have an innervation to the atria
that is similar to that of human subjects.17,18 Each animal was anes-
thetized with intravenous propofol (5–7 mg/kg), intubated with a cuf-
fed endotracheal tube, and ventilated with a pressure-controlled
ventilator, titrating inhaled isoflurane (1% to 3%) during the proce-
dure. Heart rate, respiratory rate, pulse oximetry, temperature, and
limb-lead electrocardiographic values were continuously monitored.
The femoral artery and vein were accessed and used for blood draws
and continuous pressure monitoring. Serum electrolyte concentra-
tion, pH, and arterial oxygen tension were monitored and normalized.
A median sternotomy was performed. The azygous vein was
identified and ligated. The right and left cervical vagosympathetic
trunks (RVST and LVST) and right and left stellate ganglia were
decentralized. The pericardium was opened, and 3 electrode tem-
plates containing 252 unipolar electrodes were sutured on the right
and left atria.
Electrophysiologic Data Collection
Twelve mongrel canines were randomly assigned to one of 2
groups: one received propranolol (0.2 mg/kg) or nadolol (1 mg/
kg), and the other received atropine (0.08 mg/kg bolus and then
0.04 mg/kg every hour) before the collection of baseline electro-
physiologic data. Nerves were stimulated with the use of a pulse
generator (Grass Instruments, Quincy, Mass) with a frequency of
10 Hz, amplitude of 10 V, and a 5-ms pulse width duration. A bipo-
lar pacing electrode was placed on the right atrial appendage to con-
trol rate. The tissue was paced at 300 ms, a 2-ms duration, and twice
the pacing threshold.
The right and left atria were mapped with custom-made electrode
templates containing 252 unipolar electrodes. The electrodeThe Journal of Thoratemplates were constructed from a form-fitting silicon elastomer
(Specialty Silicone Fabricators, Paso Robles, Calif) that fit snugly
on the entire atrial epicardium and contained 0.5-mm-diameter elec-
trodes (Pacific Wire & Cable, Inc, Santa Ana, Calif). The interelec-
trode distance between the points was 5 mm. Atrial electrograms
were recorded during (1) spontaneous normal sinus rhythm, (2) con-
tinuous pacing, (3) continuous pacing with nerve stimulation, and
(4) spontaneous normal sinus rhythm with stimulation. This was re-
peated for each of the 4 nerves (RVST, right stellate, LVST, and left
stellate). Data were acquired with a PC-based data acquisition and
analysis system. The system included custom-programmed software
capable of data acquisition, management, display, and analysis. Uni-
polar electrograms were recorded at a gain of 125 with a frequency
response of 0.5 to 1000 Hz. Each channel was digitized at 2000 Hz
with 12-bit resolution. The electrode templates were approximated
to the atria by using sutures passed through the tissue and template
and then secured with a snare. This allowed the temporary removal
and replacement of the templates in exactly the same location.
Surgical Procedure
The modified CM procedure was performed without cardiopulmo-
nary bypass and included nearly all the right and left atrial lesions
of the traditional procedure (Figure 1).19 The heart was manipulated
with the aid of a suction retractor (AXIUS Xpose 3; Guidant Corp,
Santa Clara, Calif). Blunt dissection was used to allow umbilical
tape to be passed around the right pulmonary veins. The Isolator
LP bipolar device (Atricure, Inc, Cincinnati, Ohio) was then passed
around the right pulmonary veins, and a cuff of surrounding atrial
tissue was clamped and ablated on each side; the same was done
around the left pulmonary veins. After completion of the PVI, elec-
trophysiologic data, as described above, were obtained.
A purse-string suture was placed midway between the conflu-
ence of the superior vena cava and inferior vena cava. The radiofre-
quency device was introduced through this purse-string suture.
Superior and inferior vena caval lesions were created. The snare
was relaxed, and the device was repositioned to the AV groove.
At this location, the right coronary artery was dissected free, allow-
ing the tip of the device to pass beneath it.
The radiofrequency device was used to circumferentially ablate
the left atrial appendage on the epicardial surface. The device was
introduced through a purse-string suture at the base of the left atrial
Figure 1. Modified Cox maze lesion set. SVC, Superior vena cava;
IVC, inferior vena cava.cic and Cardiovascular Surgery c Volume 135, Number 4 895
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CDFigure 3. Change in heart rate and atrioventricular interval. *P # .05. AV, Atrioventricular; RVST, right vagosympa-
thetic trunk; LVST, left vagosympathetic trunk; PVI, pulmonary vein isolation; CM, Cox maze procedure.appendage and positioned with the tip directed into the left superior
pulmonary vein to create the connecting lesion from the left atrial
appendage to the left pulmonary vein. It was then redirected to create
the connecting lesion between the left atrial appendage and mitral
valve. The left circumflex artery was dissected free so that the tip
of the clamp could pass beneath the artery.
A purse-string suturewas placed at the right atrial appendage, and
the radiofrequency device was positioned to create the right atrial
free wall lesion. The device was then placed with the tip at the AV
groove. The right coronary artery was dissected at this point so
that the tip of the device could pass beneath the coronary artery. Ad-
ditionally, the right atrial appendage was circumferentially ablated.
Figure 2. Calculation of change in QRSTarea for unipolar electro-
graphic analysis. Stim, Stimulation.e Journal of Thoracic and Cardiovascular Surgery c ApriThe heart was repositioned to expose the intra-atrial groove. The
radiofrequency device was placed epicardially posterior to the infe-
rior vena cava, with tissue from the right inferior pulmonary vein to
the left inferior pulmonary vein within the jaws of the clamp to
create a connecting lesion between the inferior aspects of the pulmo-
nary veins. The interposing tissue was ablated to complete the con-
necting lesion between the right and left pulmonary veins. After
completing these remaining lesions, the electrode templates were
reattached, and electrophysiologic data were acquired.
Data Analysis
Spontaneous normal sinus rhythm cycle lengths before and during
stimulation were measured, and the change in heart rate was calcu-
lated. Likewise, the AV interval was calculated by using data
obtained during continuous pacing.
The local activation time was defined as the time of the maxi-
mum negative derivative of the unipolar electrogram. All electro-
grams were edited visually to verify accuracy of the computer-
selected activation times. Previously, QRST area measurements of
local electrograms have been used to detect changes in atrial electri-
cal activity induced by stimulation of individual nerves.20,21 The
change in area of QRST deflection in the unipolar waveform is
a measure of change of action potential duration, which is sensitive
to sympathetic and parasympathetic stimulation.22 QRST area was
determined by using an isoelectric diastolic baseline calculated
just after the pacing spike. The area calculation started 10 ms after
the local activation and proceeded for 20 ms with sympathetic stim-
ulation and 50 ms with parasympathetic stimulation (Figure 2). The
absolute value of the difference in the area under the curve in the
paced data and paced plus stimulation data was calculated and nor-
malized to the paced data. To determine the level of noise in the data
(used as control value), 2 successive beats of paced data without
stimulation were analyzed in the same manner.l 2008
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analysis of variance procedures with one factor. Adjustments were
made with the Fisher least significant difference test or pairwise
for multiple comparisons with the Fisher least significant difference
test. Values are presented as means 6 standard error.
Results
Change in Heart Rate and AV Interval
Sympathetic stimulation of each of the 4 nerves caused signif-
icant changes in heart rate. Heart rate changes caused by right
stellate sympathetic stimulation were different than baseline
values after the CM procedure (60 6 9 vs 18 6 14 beats/
min, P 5 .028, Figure 3). After both PVI (38 6 7 vs 9 6 6
beats/min, P 5 .022) and the CM procedure (38 6 7 vs 6 6
9 beats/min, P 5 .012), heart rate changes caused by LVST
sympathetic stimulation were different than baseline values.
However, there was no difference between PVI and CM
changes (9 6 6 vs 6 6 9 beats/min, P 5 .743). Sympathetic
stimulation of the RVST and left stellate did not produce sig-
nificant heart rate changes between baseline, PVI, and CM.
Parasympathetic stimulation of the RVST and LVST
caused changes in heart rate, whereas that of the right and
Figure 4. Global percentage change in QRST area. Values after
stimulation, PVI, and the Cox maze procedure are significantly dif-
ferent (P# .05) from control values in each of the 4 nerves for both
sympathetic and parasympathetic stimulation. *P # .05. RVST,
Right vagosympathetic trunk; LVST, left vagosympathetic trunk;
PVI, pulmonary vein isolation; CM, Cox maze procedure.The Journal of Thorleft stellate did not. Heart rate changes caused by LVST para-
sympathetic stimulation after both PVI (2156 4 vs246 2
beats/min, P5 .011) and the CM procedure (2156 4 vs22
6 1 CM, P5 .004) were different than baseline values (Fig-
ure 3). However, there was no difference between PVI and
CM (246 2 vs.226 1, P5 0.583). Parasympathetic stim-
ulation of RVST produced heart rate changes not signifi-
cantly different between baseline, PVI, and CM.
Sympathetic stimulation of each of the 4 nerves and para-
sympathetic stimulation of the RVST and LVST caused signif-
icant changes in the AV interval. Changes in the AV intervals
measured in control, after PVI, and after the completion of the
CM procedure were not significantly different (Figure 3).
Change in QRSTArea
Sympathetic and parasympathetic stimulation of all 4 nerves
produces global changes in area different from control values
in all conditions (Figure 4). Changes after PVI were signifi-
cantly different from those with stimulation alone with sym-
pathetic stimulation of the right stellate (77 6 4 vs 57 6 5,
P 5 .007) and LVST (70 6 4 vs 116 6 10, P 5 0), as well
as parasympathetic stimulation of the right stellate (44 6 3
vs 33 6 1, P 5 .007) and left stellate (42 6 5 vs 26 6 2,
P 5 .003). After the CM procedure, significant changes in
area from those after PVI occurred with sympathetic stimula-
tion of the RVST (115 6 8 vs 154 613, P 5 .008) and left
stellate (1256 8 vs 776 9, P5 .001), as well as parasympa-
thetic stimulation of the right stellate (336 1 vs 436 3, P5
.005) and LVST (65 6 6 vs 33 6 3, P5 0).
Changes in area different from control values in the right
atrium were observed with sympathetic and parasympathetic
stimulation of all 4 nerves in all conditions (Figure 5). Stimula-
tion of the sympathetic right stellate (89 6 6 vs 49 6 4,
P 5 0) and parasympathetic RVST (34 6 3 vs 51 6 4,
P 5 .011) and LVST (69 6 4 vs 126 6 16, P 5 .009) after
PVI produced significantly different changes in area from those
after stimulation alone. After the CM procedure, significant
changes in area from those after PVI occurred with sympathetic
RVST (896 8 vs 1336 18,P5 .035) and right stellate (496 4
vs 796 10, P5 .023) stimulation, as well as parasympathetic
right stellate stimulation (296 1 vs 396 4, P5 .045).
Within the left atrium, parasympathetic stimulation of the
right stellate in all conditions showed no significant differ-
ence from control values (Figure 5). Likewise, after the CM
procedure, sympathetic stimulation of the right stellate
(256 3 vs 386 7,P5 .422) and parasympathetic stimulation
of the left stellate (18 6 2 vs 24 6 3, P 5 .177) showed no
significant difference from control values. After PVI, changes
in area were significantly different from those after sympa-
thetic LVST stimulation alone (59 6 4 vs 103 6 11, P 5
.004). Stimulation of the sympathetic left stellate (150 6 16
vs 53 6 4, P 5 0) and parasympathetic LVST (103 6 11
vs 71 6 10, P 5 .013) after the CM procedure were signifi-
cantly different from changes after PVI.acic and Cardiovascular Surgery c Volume 135, Number 4 897
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left vagosympathetic trunk; PVI, pulmonary vein isolation; CM, Cox maze procedure.The mean area changes within the right atrium were com-
pared with those in the left atrium. With sympathetic stimu-
lation, there was a significant difference between the right
and left atria with RVST stimulation alone and PVI; right
stellate stimulation alone, PVI, and the CM procedure;
LVST stimulation alone and the CM procedure; and left stel-
late stimulation alone and PVI (Figure 6). With parasympa-
thetic stimulation, there was a significant difference
between the right and left atria with RVST stimulation alone
and PVI, right stellate stimulation alone and PVI, and LVST
with the CM procedure.
Discussion
Themajor finding of this study is that the use of bipolar radio-
frequency energy to create lesions used in PVI and the CM IV
procedure only partially acutely denervate those atria. In our
study autonomic innervation affecting heart rate was disrup-
ted by RFA lines, specifically in the right stellate and LVST
with sympathetic stimulation and the LVST with parasympa-
thetic stimulation. However, the effects on heart rate from
RVST parasympathetic stimulation remained even after PVI
and the CM procedure. This is contrary to what was shown
byDo and colleagues15with the cut-and-sewmaze procedure.898 The Journal of Thoracic and Cardiovascular Surgery c ApThey showed that stimulation of the RVST and LVST pro-
duced bradycardia before the CM procedure in acute ca-
nines. Despite the rich innervation of the right atrium,
after the CM procedure, there was no effect on heart rate
with stimulation. Thus the cut-and-sew CM procedure elim-
inated the effect on heart rate caused by vagosympathetic
trunk stimulation.
Sympathetic and parasympathetic innervation affecting
the AV node was not significantly disrupted by RFS lines.
Few data exist on the effect of the cut-and-sew maze proce-
dure on the AV interval. Clinical studies suggest there is little
effect on AV nodal function.23
Of the 6 nerves that had significant effects on heart rate,
PVI reduced the sympathetic and parasympathetic effects
of the LVST. The addition of the remaining CM lesions
reduced the effect of sympathetic stimulation of the right
stellate. However, with the RVST (sympathetic and parasym-
pathetic) and left stellate (sympathetic) stimulation, heart rate
effects remained even after the CM lesion set. This clearly
shows that although PVI partially denervates the sinus
node and the CM eliminated more, there was still a significant
amount of autonomic innervation after use of bipolar RFA to
complete the biatrial CM procedure.ril 2008
Lall et al Surgery for Acquired Cardiovascular DiseaseFigure 6. Right versus left atrial percentage
change in QRST area. *P # 0.05. R, Right; L, left;
RVST, right vagosympathetic trunk; LVST, left
vagosympathetic trunk; Stim, stimulation; PVI,
pulmonary vein isolation; CM, Cox maze proce-
dure.A
CDGeis and associates8 demonstrated the course and distribu-
tion of canine autonomic nerves to the sinus node and atria.
The sinus nodal innervation was along the superior vena
cava, interatrial groove, around the great arteries, and the
superior left atrium. Autonomic innervation to the atrium
was along the superior vena cava, interatrial groove, great
arteries, superior left atrium, and inferior vena cava–inferior
left atrium junction. Although the lesion set could likely dis-
rupt many of these paths based on anatomy, nerves entering
through the great arteries or various superior and inferior por-
tions of the left atrium might not be disrupted.
In the remaining atrialmyocardium, even after theCMpro-
cedure, parasympathetic and sympathetic stimulation pro-
duced changes in QRST area significantly different from
control values, suggesting that theRFAbiatrial CMprocedure
did not eliminate innervation to the atria as awhole. After PVI,
changes different from those after stimulation alonewere seenThe Journal of Thoin 50% of stimulated nerves. However, after the CM proce-
dure, changes different from those after PVIwere seen in a dif-
ferent 50% of stimulated nerves. These data suggest that PVI
and the CM procedure change the innervation to the atria but
do not necessarily eliminate the autonomic innervation.
The variations found in the changes in QRST area likely
reflect the fact that there is a rich plexus of nerves innervat-
ing the atrium. Pauza and coworkers17 identified 13 loca-
tions between the canine ascending aorta and pulmonary
trunk, around the pulmonary veins, and on every side of
the superior vena cava through which mediastinal cardiac
nerves accessed the heart. It was estimated that 80,000 in-
trinsic neurons were associated with canine atria. Consider-
ing just the right atrium and innervation of the sinus node, it
was shown that the epicardiac plexus on the root of the su-
perior vena cava contained 456 ganglia, in which on average
54,000 nerve cells reside.24racic and Cardiovascular Surgery c Volume 135, Number 4 899
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changes in QRST area significantly different from control
values in all conditions for the right atrium, suggesting that
even after the CM procedure, autonomic stimulation had an
effect. The left atrium showed that the CM procedure
eliminated right stellate sympathetic and left stellate para-
sympathetic effects because there was no difference from
control values in the change in QRST area in these 2 nerves
after the CM procedure. Although it appears that the CM
procedure can eliminate some innervation to the left atrium,
the same is not true for the right atrium. Within the right
atrium after PVI, stimulation of 3 of 8 nerves produced
changes significantly different from those produced by stim-
ulation alone. After the CM procedure, there was a significant
change from PVI in 3 of 8 nerves. Within the left atrium after
PVI, only sympathetic stimulation of the LVST produced
changes significantly different from those produced with
stimulation alone. After the CMprocedure, there was a signif-
icant change from PVI in 2 of 8 nerves. This further suggests
that both PVI and the CM procedure change the innervation
to the right and left atria.
Both PVI and the CM procedure only partially denervate
the atria. It is unclear whether this denervation would elimi-
nate any potential arrhythmogenic influences. In fact, partial
denervation can be arrhythmogenic by increasing the inho-
mogeneity of refractory period.25 If future studies support
the present data suggesting that vagal innervation is an im-
portant arrhythmogenic mechanism for the development or
maintenance of AF, surgical treatment might have to include
additional lesions to completely denervate the atria. Some
investigators now are ablating the ganglionated plexus as
an adjunctive therapy to eliminate vagal inputs to the atria.26
Beyond the acute denervation, studies will be needed to
determine whether the denervation persists. Both in animal
studies and in human subjects, reinnervation occurs over
time after the CM procedure.12,27
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